Branchio-oculo-facial syndrome (BOFS) is a rare autosomal dominant disorder characterized by craniofacial, ocular, and ectodermal anomalies. BOFS is caused by mutation of the transcription factor AP2-alpha gene (TFAP2A). We performed detailed genetic analysis of a Japanese family with clinically suspected BOFS and identified a novel missense mutation resulting in a predicted amino-acid substitution in the highly conserved basic DNA-binding domain of TFAP2A (NM_003220.2:c.699A>C).
Branchio-oculo-facial syndrome (BOFS, OMIM number: 113620) is a rare autosomal dominant inheritable condition that predominantly affects the development of the first and second pharyngeal arches. It is characterized by craniofacial, ocular, and ectodermal malformations but shows high variability in severity and clinical phenotype, including the expression of specific malformations 1 . One-third of patients with BOFS also exhibit renal system anomalies 1 . Transcription factor AP2-alpha (TFAP2A, OMIM number: 107580) is known to be the gene responsible for the development of BOFS, and specific TFAP2A functions have been elucidated in the affected tissues of patients with BOFS [2] [3] [4] [5] . In the current report, we describe a family that has multiple anomalies that are clinically consistent with the BOFS spectrum and present results from genetic analysis of the affected members.
A non-consanguineous Japanese couple was referred to our hospital (Fig. 1a , II-2 and II-3) for third pregnancy management. They had previously experienced two consecutive stillbirths with fetal malformations (Fig. 1a , III-1 and III-2). The mother (II-3) had been born prematurely with intrauterine growth restriction and presented at birth with a cleft lip, nasolacrimal duct obstruction, bilateral curled selvages, and severe hearing loss in her right ear. We also detected a previously undiagnosed skin defect scar on the right side of her neck. Both stillborn fetuses had bilateral polycystic kidneys, and the pregnancies were severely oligohydramnios. The second offspring ( Fig. 1a , III-2) was male and also had a cleft lip and palate.
During the second trimester of the third pregnancy, sonographic fetal screening detected only moderate fetal growth restriction. However, due to tocolysis failure, a male infant ( Fig. 1a , III-3) was born at 32 weeks of gestation and subsequently admitted to the neonatal intensive care unit due to respiratory distress syndrome and low birth weight (1399 g). Detailed clinical examination revealed cutaneous defects and erythema on the left side of his cervical and periauricular regions, wide nasal tips, low-set ears, and micrognathia. Laryngomalacia and tracheal dysplasia were also suspected. Following ophthalmologic examination, he was diagnosed with bilateral colobomas, left microphthalmia, and nasolacrimal duct obstruction. His karyotype was 46,XY. The mother had a fourth pregnancy one year after the birth of III-3. At 10weeks of gestation, the fetus ( Fig. 1a , III-4) was diagnosed by ultrasound examination with acrania. Following genetic counseling, she and her partner chose to terminate the pregnancy.
Because similar malformations were detected in family members II-3, III-2, and III-3, an inherited anomalad phenotypically closest to BOFS 1 was suspected. However, because a discordance in the severity of malformations was observed among family members and fetuses ( To identify candidate pathogenic variants in the III-3 dataset, we extracted mutations at exons and splice sites with an allele frequency threshold of <0.2 or >0.8 based on 1KGP data and to filter Japanese common variant, that of <0.1 or >0.9 based on the Japanese data from the HGVD, iJGVD and Japanese in Tokyo (JPT) data from 1KGP, respectively. We also selected candidate variants that had a read coverage threshold >8 and that were not detected in more than two individuals in in-house control datasets. Genome-wide SNP array analyses showed no mosaicism or chimerism signal aberrations. A copy-number loss was detected at 10q21.3 in the III-2 and III-3 datasets and at 7q11.23 in the III-2 dataset. However, these losses were inherited paternally and did not contain any reported disease-related genes ( Supplementary Table S1 ). Wholeexome sequencing identified 1034 variants as potential pathogenic nucleotide alterations. Of these variants, 319 were common to both the mother and the newborn ( Supplementary Table S2 ), and one was a missense point mutation of a thymine-to-guanine transition at nucleotide position 699 within exon 4 of TFAP2A. This change results in a predicted substitution of glutamine 233 with aspartic acid (E233D). To the best of our knowledge, this variant has not been reported previously in dbSNP; 1KGP; HGVD; iJGVD; Exome Variant Server of the National Heart, Lung, and Blood Institution Grand Opportunity Exome Sequencing Project (http://evs.gs.washington.edu/ EVS/); Human Genome Mutation Database 6 ; and Exome Aggregation Consortium (http://exac.broadinstitute.org) databases. None of the other detected candidate variants were suspected to be involved in the development of the observed phenotypes, including renal dysfunctions or malformations. To confirm the TFAP2A mutation and to determine whether III-2 and III-4 shared this mutation, we performed dye-terminator direct sequencing. The results demonstrated that the thymine-to-guanine substitution at nucleotide 699 within exon 4 of TFAP2A was shared with all of the offspring that we analyzed (Fig. 1b) . These findings provided genetic support for the clinical diagnosis of BOFS.
We identified a novel point mutation located in a highly conserved region of exon 4 of TFAP2A in a Japanese family. The predicted result is an E233D amino-acid substitution in the basic DNA-binding domain of TFAP2A ( Fig. 1b-d) 7 . As depicted in Fig. 1d , multiple pathogenic variants of TFAP2A have been reported in the vicinity of this mutation. Furthermore, some mutations at this basic DNA-binding domain have also been reported to cause a drastically reduced AP2-alpha transactivation 8 . Additionally, in silico analyses predicted that the E233D amino-acid substitution may be pathogenic (polyphen-2 HDIV, 0.99; polyphen-2 HVAR, 0.994; SIFT, 0.002) 9, 10 . These observations suggested that this region may be significant for TFAP2A functions in BOFS development. We propose that the novel TFAP2A mutation identified in this study is a potential pathogenic mutation that contributed to or directly caused the development of BOFS in the described Japanese family.
Reported BOFS-associated malformations are diverse 1, 11 . However, only TFAP2A alterations have been identified as underlying genetic causes. The family in our study exhibited similar malformations, but the mutations had differing severities. Genetic analysis demonstrated low possibilities of cell mosaicism for each affected individual; however, other mutations may have caused the lethal phenotypes in III-1, III-2, and III-4. Similar pedigrees with intrafamilial phenotypic variety have been described, indicating that BOFS genotype-phenotype correlations may not be very strict within a family and may be due to unknown genetic factors 11, 12 . Additional analyses of multiple BOFS families will be required to clarify other genetic factors involved in the development of BOFS phenotypic varieties.
In conclusion, we identified a novel point mutation in TFAP2A in a highly conserved region of the basic DNAbinding domain. The predicted result is a glutamate to aspartic acid substitution at position 233, which may be responsible for or at least a contributor to the development of BOFS. Although intrafamilial phenotype severity was also observed in this pedigree, no other causative genetic aberrations were detected. Future advance in phenotypic and genetic detection method will help identify additional genetic causes underlying the observed phenotypic variety in patients with BOFS.
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